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INTRODUCTION
In recent years there has been growing interest in
the condition monitoring of transformer insulation.
Primarily this is due to the increasing aged
population of transformers in utilities around the
world. A large proportion of existing transformers
within electric utilities are approaching the end of
their design life. Insulation degradation continues to
be a major concern for these transformers.
Insulation materials degrade at higher temperatures
in the presence of oxygen and moisture. The
degradation from thermal stress affects electrical,
chemical and mechanical properties.
Utility engineers use a number of modern
diagnostic techniques to assess the insulation
condition of aged transformers. Among them
Dissolved Gas Analysis (DGA), Degree of
Polymerisation (DP) measurement and Furan
analysis by the High Performance Liquid
Chromatography (HPLC) are frequently used [1,2].
In recent years, new diagnostic methods have been
promoted to complement the classical insulation
resistance, power frequency dissipation factor and
polarisation index measurements [5,8].
These new methods are based on time or frequency
domain polarisation measurements. In frequency
domain measurement, a sinusoidal voltage is
applied and the complex dielectric constant is
determined from the amplitude and phase of the
current flowing through the sample. On the other
hand, time domain measurements are conducted by
the application of a step voltage across the
insulation sample. Time domain measurements
based on polarisation and depolarisation current
measurements and return voltage measurements
have gained significant attention over the last
several years. Particularly, there has been growing
interest in the condition assessment of transformer
insulation by the Return Voltage Method (RVM)
[3,4]. In recent times decay voltage measurement
has also been proposed to monitor the moistening
process of insulation after polarising the insulation
for a long time [5,6,7]. Polarisation and
depolarisation currents have two components-
conductive current and polarisation current.  The
conductive component provides information about
the intensity of the conduction process and the
polarisation component provides the intensity of the
polarisation processes within a defined time range.
It is difficult to separate the two components of
currents and the measurement of such small current
is also sensitive to electromagnetic disturbances.
The principle of the voltage response method is
based on the measurement of the discharge and
return voltages of the insulation. From the
magnitude and shape of the voltage curves the
quality of insulation affected by moisture and
ageing can be predicted. Moisture content of the
insulation can be estimated from the decay voltage
measurement, while progress of thermal ageing can
be estimated from the return voltage measurement.
The two measurements can be conducted
independently and hence conduction and
polarisation processes can be investigated
independently. In this research project we have
investigated a number of transformers of different
ages with the return voltage and decay voltage
techniques. A brief analysis of the decay and return
voltage methods will first be outlined in this paper.
Then results from the two groups of measurements
(one from the decay voltage and the other from the
return voltage) will be presented.
VOLTAGE RESPONSE METHODS AND
THEIR INTERPRETATION
The decay (discharge) voltage is measured after a
long period of charging of the insulation. This is
usually in the order of several hundred seconds.
This induces an excitation of the polarisation
process. After disconnecting the insulation from the
DC source, the charge of the electrodes discharges
through the internal insulation resistance hence
providing the decay voltage curve as shown in
Figure 1.
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Figure 1 Decay voltage curve
The steepness of the initial slope of the decay
voltage curve has been found to be directly
proportional to the specific conductivity of the
insulation material [5,6]. As the moisture mainly
influences the conductivity of the insulation
material, the decay voltage slope will provide
information about the moisture content of the
oilpaper insulation in a transformer. When a direct
voltage is applied to a dielectric for a long period of
time, and it is then short circuited for a short period,
after opening the short circuit, the charge bounded
by the polarisation will turn into free charges i.e., a
voltage will build up between the electrodes on the
dielectric. This phenomenon is called the return
voltage. This is shown in Figure 2.
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Figure 2 Return voltage curve  SD
The return voltage curve is generally obtained after
a long charging period followed by a shorter
discharging period. It can be shown that the initial
slope of the return voltage is proportional to the
polarisation conductivity [6,7]. When the return
voltage approaches its maximum value quickly, the
initial slope of the return voltage is larger. Another
parameter termed as “central time constant”, i.e. the
time at which the return voltage is maximum is also
dependent on the polarisation conductivity. Hence
the fundamental ageing characteristics of the
dielectric can be measured by the return voltage
measurements. The initial slope of the return
voltage curve has been used to monitor the thermal
ageing process of the insulation material [6,7]. Both
the decay and return voltage curves are measured
using the circuit shown in Figure 3. An automatic
experimental set up was developed and
implemented in our laboratory to measure the
return voltage and decay voltage of a two terminal
dielectric system. Measurement was automatically
controlled by software written in the LabView
environment. The instrument was versatile enough
to store all the charging and discharging currents,
return voltage and decay voltage readings from
each set of measurements. The maximum charging
voltage available was 1000 volt DC. When a
transformer has two windings, only one
measurement was carried out between the primary
and secondary winding.
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Figure 3: Circuit arrangement for the decay and
return voltage measurements
RESULTS
Five transformers were tested in our laboratory with
voltage response techniques. Details of these
transformers are listed in Table 1. All these
transformers were used in local utilities for many
years and were then given to the University for
research.
Name Size
KVA
Rating
Volt
Phase Year of
manufacture
T1 100 10.5k/
415
Three 1962
T2 50 10.5 k
/ 415
Three 1959
T3 10 10.45
k /240
Single 1963
T4 15 10.45
k /240
Single 1970
T5 5 12.7k/
250
Single 1946
Table1 Detail information about transformers
Decay voltage tests were performed at 100 volts
DC after a charging time of 1000 seconds. The
computed values for initial slopes of various
transformers are shown in Table 2 and are
graphically presented in Figure 3. The data in Table
2 also provides the value of the moisture content of
oil for each transformer. Moisture content was
measured in Parts Per Million by the Karl Fischer
titration technique. Samples of oil were collected at
25oC. It must be noted that a PPM value for
transformer 4 could not be obtained due to
difficulties in sampling the oil.
It is evident that transformers T1 and T3 have much
larger initial slopes than transformers T2, T4 and
T5. From the theory, it is suggested that an increase
in the decay voltage initial slope provides evidence
of higher moisture content within the insulation of
the transformer. This theory is justified as it can be
seen from the Table 2 that the moisture content of
transformers T1 and T3 are comparatively larger
than transformers T2 and T5.
Transformer Initial Slope(V/s)
Moisture Content
(PPM)
T1 46.2 38.5
T2 17.7 33.0
T3 50.9 38
T4 15.0 Unknown
T5 13.8 34
Table 2: Initial slopes of decay voltage curves for
various transformers
Figure 3: Graphical representation of decay
voltage initial slopes.
A single-cycle return voltage test was performed on
each of the transformers. The charging voltage was
100 volts DC. The return voltage curve was
measured after 1000 second charging and 1 second
discharging periods. For each transformer, the
return voltage result is shown in Table 3 along with
the peak return voltage, central time constant (Tc)
and initial slope.
Transfo
rmer
Peak
RV
(V)
Tc
(s)
RV
initial
slope
(V/s)
Water
PPM
T1 9.6 6.0 1.6 38.5
T2 13.3 7.6 1.7 33
T3 3.1 0.3 9.3 38
T4 23.0 13 1.8 Unknown
T5 2.5 16 0.2 34
Table 3 – Return voltage parameters for various
transformers
Transformer T3 have the largest return voltage
initial slope and the lowest central time constant
while Transformer T5 had the smallest initial slope
and the largest central time constant. It is suggested
that an increase in the return voltage initial slope
and decrease in central time constant is evidence of
increase in thermal ageing. Therefore, it would
seem that transformer T3 has undergone a
significant thermal aging process during its
operation, whereas this has least affected the
transformer T5. The moisture in insulation
predominantly influences the decay voltage rather
than the return voltage. Some correlation exists
between the return voltage initial slope and the
decay voltage slope. It can be seen that as the return
voltage initial slope increases so does the decay
voltage slope. This would suggest that a
transformer with higher moisture content would
likely be affected more by thermal aging.
Return Voltage Spectrum Results
As interfacial polarisation is predominant at longer
time constants, the spectrum of the return voltage
was investigated by changing the charging and
discharging time over a range of times greater than
0.5 second until the peak value of the maximum
return voltage was obtained. Then the spectra of
maximum return voltage and the initial slope were
plotted versus the central time constant (the time at
which the return voltage is maximum). The peak
value of the maximum return voltage (from the
return voltage spectrum) and the corresponding
initial slope (from the initial slope spectrum), along
with central time constant (from either of the
spectrum), are the parameters used to assess the
insulation condition from the return voltage
measurements [8,9,10]. We had difficulty in
measuring RV spectrum on transformer T3.
Transfor
mer
Peak
max. ret.
Voltage
(Volt)
Tc
(s)
Initial
Slope
(Volt/s)
Water
content
PPM
T1 20.5 32 0.65 38. 5
T2 73.0 101 0.69 33
T4 52.0 20 2.67 Unknown
T5 10.4 97 0.11 34
Table 4 – RV spectra results for various
transformers
From Table 4 it can clearly be seen that as the
central time constant increases, the moisture
content decreases. Transformers T1 and T4 have
lower central time constants than those of T2 and
T5. The peak maximum return voltage depends on
the geometry of the transformer and hence without
any normalisation it would be difficult to explain
the variation among different transformers.
Spectrum slopes do not show any specific trend
either.
Firstly, it must be noted that all of the transformers
were in fairly bad condition due to the high
moisture content within the insulation of each one.
Transformer T3 had comparatively high moisture
content and was determined to be the worst
transformer based on the following experimental
results. It displayed the highest initial slope in the
decay voltage test. It has displayed the highest
slope in the single cycle return voltage test (with
1000 seconds charging and 1 second discharging).
It gave the smallest central time constant in the
same single cycle return voltage test.
Transformer T5 was determined to be in the best
condition based on the following experimental
results. It displayed the lowest initial slope in the
decay voltage test. In the first return voltage test it
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displayed the highest central time constant. It also
gave the smallest initial slope in the first return
voltage test. In the return voltage spectrum test, it
displayed the second highest central time constant.
It gave the smallest slope in the spectrum test. It
displayed the smallest peak value in the spectrum
test.
As reported previously [8,9,10] the RV spectrum
central time constant is strongly influenced by the
moisture content and thermal ageing. However, it is
not easy to separate the ageing and moisture effects.
It can be seen from Table 4 that transformers T1
and T4 have lower central time constants compared
to T2 and T5. T1 also shows a larger decay voltage
initial slope, which suggests that T1 has high
moisture content in its insulation, which is also
supported by the moisture measurement in oil. In
our accelerated ageing experiments we found the
central time constants to be several hundred
seconds for dry unaged samples and only a few tens
of seconds for high moisture thermally aged
samples [10].
CONCLUSIONS
This paper has covered a range of questions
associated with the assessment of the condition of
oilpaper insulation in transformers. In particular the
voltage response method was looked at as a means
of determining the condition of the insulation. The
moisture content in oilpaper insulation can have a
strong influence on the ageing rate.  The
experimental results for the decay voltage test
showed that there is a strong correlation between
the initial slope and the moisture content within the
insulation. The results for the single cycle return
voltage tests showed that there is a strong
correlation between the slope of the curve and the
thermal ageing. There was also a strong correlation
between the central time constant and the moisture
content of the insulation.
The return voltage spectra measurement was then
performed on the transformers. A definite
correlation was found between the central time
constant of the spectrum and the moisture content.
By comparing the results to the theories, it was
found that transformer T3 was in the worst
condition and transformer T5 was in the best
condition. Overall, it was determined that the
voltage response method is an effective method for
monitoring the condition of oilpaper insulation
systems. A limitation in this study was the fact that
only five transformers were available for testing.
There is the definite need to perform measurements
on more transformers. Another limitation was that
all of the tested transformers were in an aged
condition and the insulation had significantly high
moisture contents. This made the task of comparing
the condition of various insulations difficult. We
are in the progress of performing tests on good
transformers so that this can be used as a basis of
comparison with the aged ones.
Since the voltage response measurement is linked
to ageing and moisture content of the oilpaper
insulation, it is necessary to continue the study to
show how humidity levels and temperature
influence the return voltage and decay voltage
curves.
REFERENCES
[1] D. H.Shroff & A. W. Stannett, “A Review of
Paper Ageing in Power Transformers,” IEE Proc.,
Vol. 132, pt. c, no. 6, pp. 312-319, Nov. 1985.
[2] J. Unsworth & F. Mitchell, “Degradation of
Electrical Insulation Paper Monitored Using High
Performance Liquid Chromatography,” IEEE
Transactions on Power Delivery, Vol. 11, No 3,
July 1996, pp. 1385.
[3] A. Bognar, et.al, “Diagnostic Tests of High
Voltage Oil-Paper Insulating Systems (In Particular
Transformer Insulation) Using DC
Dielectrometrics”, CIGRE 1990 Paris Session,
Paper 15/33-08.
[4] Tettex Instruments AG: Polarisation Spectrum
Analysis for Diagnosis of Insulation Systems”,
Information 29, 1992, TI 29-d/e-04.92.
[5] [3] E. Nemeth, “Measuring Voltage Response: a
Non-destructive Diagnostic Test Method of HV
Insulation,” IEE Proc. Sci.  Meas. Technol., Vol.
146, No.5, September 1999, pp.249-252.
[6] E. Nemeth, “Diagnostic Testing of Power Cable
Lines by Voltage Response Method,” Ninth
International Symposium on High Voltage
Engineering, Austria, Aug. 28 – Sept. 1, 1995, pp.
1-4.
[7] E. Nemeth, “Measuring the Voltage Response,
A Diagnostic Test Method of Insulations,” Seventh
International Symposium on High Voltage
Engineering, Dresden, Germany, Aug. 26 –30,
1991, pp. 63-66.
[8] T. K. Saha, M.Darveniza, D. J. T. Hill, T. T. Le,
“Electrical & Chemical Diagnostics of
Transformers Insulation, Part A: Aged
Transformers Samples,” IEEE Transactions on
Power Delivery, Vol. 12, no. 4, pp. 1547-1554,
October 1997.
[9] T. K. Saha, M.Darveniza, D. J. T. Hill, T. T. Le,
“Electrical & Chemical Diagnostics of
Transformers Insulation, Part B: Accelerated Aged
Insulation Samples,” IEEE Transactions on Power
Delivery, Vol. 12, no. 4, pp. 1555-1561, October
1997.
[10] T. K. Saha, M.Darveniza, D. J. T. Hill, Z. T
Yao, G. Yeung, Saha, T. K., Darveniza, M., Hill,
D.J.T., Yao, Z. T., Yeung, G., “Investigating the
Effects of Oxidation and Thermal Degradation on
Electrical and Chemical Properties of Power
Transformers Insulation”, IEEE Transactions on
Power Delivery, Vol. 14, No. 4, October 1999, pp.
1359-1367.
